, which is a distinctively high mobility for amorphous oxide with bandgap energy of ³4 eV. The marked decreases in the carrier concentration and mobility of the Cd concentration of 20% film at 600°C with O 2 annealing were assumed to be due to the formation of microcrystalline Ga 2 O 3 .
Introduction
Amorphous oxide semiconductors (AOSs) represented by amorphous InGaZnO (a-IGZO) 1) have been extensively studied over the past decade as promising materials for thin-film transistors (TFTs) in drive circuits for large liquid crystal displays (LCDs) and organic light-emitting diode (OLED) displays.
2)4)
Distinctive features of a-IGZO are high electron mobility (® ² 10 cm 2 V ¹1 s
¹1
) and widely controllable carrier concentrations ranging from <10 14 to 10 20 cm 3 . 1) These features indicate that AOSs possess low defect concentrations (N), leading to applications in not only TFTs but also other semiconductor devices, such as solar cells and ultraviolet (UV) detectors. In addition, AOSs offer a wide range of controllability of their physical properties achieved by varying their compositions: The solubility limit of the amorphous phase is much higher than that of the solid crystalline phase.
Recently, we have demonstrated bandgap-tunable AOSs ranging from 2.5 to 4.3 eV using an amorphous CdGaO (a-CGO) system; their electron mobilities were ³10 cm 2 V ¹1 s ¹1 despite their bandgap energies. 5) As shown in Fig. 1 , bandgap energies were tuned by varying the Cd/Ga ratio in the films. In addition, we have found that an n-type a-CGO/p-type Cu 2 O interface forms a type-II heterojunction, which is suitable for semiconductor devices based on pn-junctions, such as solar cells: Cu 2 O is a typical p-type oxide semiconductor.
5)
Post-deposition annealing at various temperatures and in various atmospheres is known as an effective method for modification of amorphous film properties. Furthermore, carrier mobility in AOSs depends on the carrier concentration, and the mobilities are increased from <1 to ²10 cm 2 V ¹1 s ¹1 when the carrier concentration is larger than a threshold value (e.g., ³10
18 cm ¹3 for a-IGZO).
3), 6) In this study, the effects of postannealing on the electrical properties of a-CGO thin films with various Cd concentrations, which means varied bandgap energies, were investigated.
Experimental procedures
a-CGO thin films were deposited on silica glass substrates by the RF-magnetron sputtering method. Compacted CdO (99.99%) and ¢-Ga 2 O 3 (99.9%) mixed powders were employed as sputtering targets. The details of the deposition conditions are summarized in Table 1 . a-CGO films with three representative bandgap energies (E g ) of ³2.5, 3.0, and 4.0 eV were prepared by setting the Cd concentrations C Cd in the films to 70, 50, and 20%, by varying the CdO: Ga 2 O 3 ratios of the mixed powder sputtering 5) The deposited films designed to obtain C Cd = 70, 50, and 20% were denoted Cd70, Cd50, and Cd20, respectively. Post-thermal annealing in a vacuum (³10 ¹4 Pa), Ar, and O 2 were conducted at annealing temperatures (T a ) ranging from 100 to 700°C for 30 min.
The effects of the post-annealing on film structures and compositions were evaluated by X-ray diffraction (XRD) (Cu K¡, Rigaku Rint-2500) and wavelength dispersive X-ray fluorescence spectroscopy (WD-XRF) (Rigaku ZSX Primus II) measurements, respectively. Carrier transport properties were evaluated by Hall measurements using the van der Pauw method (Toyo Corporation Resitest 8300). All measurements were performed at room temperature. Figure 2 shows the XRD patterns of the as-deposited and vacuum-annealed films. A broad peak detected at around 22°in every XRD pattern was attributed to the silica glass substrates. The other broad peak observed at around 32°was assigned to a-CGO film, 5) and the intensity of this peak decreased with decreases in C Cd ; a similar dependence was observed in our previous study.
Results and discussion

5)
The Cd70 films maintained an amorphous structure up to 300°C, as shown in Fig. 2 (a). However, the broad peak at ³32°, which is the same peak position as the strongest peak of crystalline CdO with a NaCl structure, started sharpening after annealing at T a ² 400°C. In addition, the second and third strongest peaks of polycrystalline CdO, which were located at ³38 and ³55°, respectively, also appeared. Therefore, we conducted vacuum annealing of Cd 70 films in the temperature range of 100 to 300°C thereafter. On the other hand, no distinct peak attributable to a crystalline phase was observed in the XRD patterns of Cd50 or Cd20 films, as shown in Figs. 2(b) and 2(c), respectively, indicating that Cd50 and Cd20 films were not crystallized by vacuum annealing at up to 700°C. Figures 3 and 4 show the XRD patterns of the Ar-and O 2 -annealed films, respectively. In the case of Cd70 film, a broad peak at 32°started sharpening and other crystalline CdO peaks appeared at T a ² 300°C in Ar, and T a ² 500°C in O 2 , as shown in Figure 5 shows T a -dependent C Cd of Cd70, Cd50, and Cd20 films. Hereinafter, circles, diamonds, and squares in each figure show the data for Cd70, Cd50, and Cd20 films, respectively. The data points at T a = 0°C in every figure show the values for asdeposited films. The C Cd of Cd70 films was not affected by vacuum-annealing [ Fig. 5(a) ] up to 400°C; however, that of Cd50 and Cd20 films began decreasing at T a ² 600°C, suggesting that Cd in a-CGO film evaporates during annealing. As a result, the maximum annealing temperatures for Cd70, Cd50, and Cd20 films were determined to be 200, 500, and 500°C, respectively, taking into account the XRD and XRF results. Similarly, in the case of Ar-annealing [ Fig. 5(b) ], the C Cd of Cd70 films showed no shift up to 300°C, but that of Cd50 and Cd20 films began decreasing at T a ² 500°C and T a ² 700°C, respectively. On the other hand, as shown in Fig. 5(c) , the C Cd of every film showed no shift due to O 2 annealing in the T a range, in which no CdO crystalline phase appeared. It seems that atmospheric oxygen pressure is sufficient to depress the decomposition of Cd O bonds in a-CGO films. The bandgap energies of as-deposited Cd70, Cd50, and Cd20 films were ³2.5, ³3.0, ³4.0 eV, respectively, results consistent with the target E g . The effects of annealing atmospheres on the electrical properties of Cd70, Cd50, and Cd20 films are summarized in Figures 68. In these graphs, black, red, and blue points show the results for films annealed in a vacuum, Ar, and O 2 , respectively. As shown in Fig. 6(a) , carrier concentrations of Cd70 films annealed in a vacuum and in Ar were monotonically increased by increasing the annealing temperatures. On the other hand, a film annealed in O 2 had the minimum carrier concentration value at T a = 200°C. By contrast, the variations in Hall mobilities were small, regardless of the annealing atmosphere [ Fig. 5(b) ]. These results probably mean that T a = 200°C annealing in O 2 was effective in decreasing N of Cd70 with ® = 10 cm 2 V ¹1 s ¹1 , and that the threshold N value of Cd70 film for demonstrating high mobility was smaller than ³10 18 cm
¹3
; this value is almost the same as that for a-IGZO. 2) As shown in Fig. 7(a) , the Ns of Cd50 showed different T a dependence from Cd70. All Ns were dropped at T a = 200°C, and no measured value could be obtained for the N of O 2 annealed film because of low conductivity (<10 ¹8 S cm
¹1
). Further hightemperature annealing recovered Ns ² 10 18 cm
¹3
, and the N of vacuum annealed film at 500°C reached ³10 20 cm
. Unfortunately, the initial values for Hall mobility of Cd50 films, as shown in Fig. 7(b The T a dependent N of Cd20 annealed in Ar and a vacuum [ Fig. 8(a) ] was similar to that of Cd50 films, although the T a , given the minimum N, shifted from 200 to 300°C and the dips of N were shallower than that of Cd50. By contrast, O 2 annealing at 300°C decreased N < 10 15 cm ¹3 , after which, N had a maximum value of N at T a = 500°C. A distinct feature of Cd20 film annealed in O 2 is that N dropped again at T a = 600°C. As shown in Fig. 8(b) , the variations of ® are small for Ar and vacuumannealed Cd20 films, but it had a maximum value at 500°C annealing in O 2 and dropped at 600°C, a result similar to that for N dependence.
Figures 9(a)9(c) show the relationships between Hall mobilities and the carrier concentrations of the annealed Cd70, Cd50, and Cd20 films, respectively. The black, red, and blue points show the results for films annealed in a vacuum, in Ar, and in O 2 , respectively. As shown in Fig. 9(a) , the ® of annealed Cd70 films did not show obvious N dependence and the values were ³10 , indicating that the N values were higher than the threshold carrier concentration (N th ) for demonstrating high mobility.
The ® of Cd50 films, except the film annealed at 100°C in O 2 , were ³10 cm 2 V ¹1 s
¹1
; the small ® value, ³3 cm 2 V ¹1 s ¹1 , is probably caused by the unintentional small initial ® [ Fig. 9(b) ]. A more noteworthy feature is the low N th of Cd50 films (E g = 3.0 eV). The threshold for N th is¯10 17 cm
¹3
, at least, which is an order of magnitude lower than that of a-IGZO (N th ³ 10 18 cm ¹3 , E g = 3.2 eV 2) ). In the case of Cd20 [ Fig. 9(c) ], the influences of annealing in a vacuum and in Ar were slight, as already shown in Fig. 7 . By contrast, O 2 annealing effectively decreased N to ³10 15 cm
with ® values of ³3 cm 2 V ¹1 s ¹1 , which is a distinctively high value for AOS with E g of ³4 eV. 7) As it is difficult to suppress the generation of O vacancies in crystalline CdO, carrier concentrations originating from O vacancies would increase in Cd-rich a-CGO films, such as Cd70 and Cd50 films. To decrease the O vacancy, i.e. carrier concentration, the increment of Ga is effective; this is assumed from the fact that the Gibbs-free energy for formation of Ga 2 O 3 is much smaller than that for CdO. Actually, it is well known that the generation of O vacancies in Ga 2 O 3 is difficult. As a result, carrier generation was suppressed in Cd20 films, even when they were annealed in a vacuum at 600°C. The dips observed at around T a = 200 300°C were probably caused by structural relaxation, which decreases in-gap states and carrier electrons. In the case of O 2 annealing, O 2 might diffuse into the films during the structural relaxation, leading to an extreme drop in the carrier concentration. With annealing just after the strong drop in O 2 annealing, carrier concentrations came back to 10 19 cm
, because the effect of high temperatures, which forms reduction conditions, is greater than that of oxidation conditions due to an O 2 atmosphere; temperature affects the formation energy linearly, while P O2 affects it logarithmically. We deduce that the fall of N at 600°C with O 2 annealing is caused by the formation of microcrystalline Ga 2 O 3 , though this was not detected by the XRD.
Summary
The effects of post-annealing temperatures and atmospheres on amorphous CdGaO thin films were investigated. Hall mobilities of annealed Cd70 films (³10 cm 2 V ¹1 s
¹1
) were affected very little by post-annealing, regardless of the annealing atmosphere, indicating that carrier concentrations of Cd70 (N ³10 18 cm ¹3 ) were higher than the threshold carrier concentration required for demonstrating high mobility. All Ns of Cd50 and Cd20 films had a minimum N between 200 and 300°C, probably caused by structural relaxation, which leads to a low in-gap state. In addition, Cd50 films had a lower threshold N of¯10 17 cm
¹3
, which is an order of magnitude lower than that of a-IGZO. In the case of O 2 annealing of Cd20 film, with annealing just after the strong drop in O 2 annealing, carrier concentrations came back to 10 19 cm ¹3 because the reduction conditions created by high temperatures are more effective than the oxidation conditions created by an O 2 atmosphere. We assume that the fall of N at 600°C with O 2 annealing was caused by the formation of microcrystalline Ga 2 O 3 . Post-deposition annealing is effective for controlling the carrier concentrations of Cd70 and Cd50 films.
